Ets transcription factors play crucial roles in regulating diverse cellular processes including cell proliferation, differentiation and survival. Coordinated regulation of the Drosophila Ets transcription factors YAN and POINTED is required for eliciting appropriate responses to Receptor Tyrosine Kinase (RTK) signaling. YAN, a transcriptional repressor, and POINTED, a transcriptional activator, compete for regulatory regions of common target genes, with the ultimate outcome likely influenced by context-specific interactions with binding partners such as MAE. Previous work in cultured cells has led us to propose that MAE attenuates the transcriptional activity of both YAN and POINTED, although its effects on POINTED remain controversial. Here we describe a new layer of complexity to this regulatory hierarchy whereby mae expression is itself directly regulated by the opposing action of YAN and POINTED. In addition, we report that MAE can antagonize POINTED function during eye development; a finding that suggests MAE operates as a dual positive and negative regulator of RTK-mediated signaling in vivo. Together our results lead us to propose that a combination of protein-protein and transcriptional interactions between MAE, YAN and POINTED establishes a complex regulatory circuit that ensures that both down-regulation and activation of the RTK pathway occur appropriately according to specific developmental context.
Introduction
Signaling through the Receptor Tyrosine Kinase (RTK) pathway leads to two primary developmental outcomes, proliferation or differentiation (Tan and Kim, 1999) . Activation of the RTK is relayed to the nucleus through the evolutionarily conserved GTPase RAS and mitogenactivated protein kinase (MAPK) cascade (Marshall, 1994; Zipursky and Rubin, 1994) . In the nucleus, activated MAPK phosphorylates downstream signaling effectors, such as the two Ets family transcription factors POINTED (PNT) and YAN (O'Neill et al., 1994) . pointed encodes two different proteins, PNTP1 and PNTP2 (Klambt, 1993) . While both function as transcriptional activators that bind to ETS consensus sites, PNTP2 activity requires phosphorylation by MAPK in response to RTK/RAS signaling (O'Neill et al., 1994) . YAN, a transcriptional repressor, functions as an RTK pathway antagonist by competing with PNT for access to target sequences (Flores et al., 2000; O'Neill et al., 1994; Xu et al., 2000) . Under conditions of minimal RTK induction, high affinity binding of YAN to the DNA effectively outcompetes PNT and inhibits inappropriate differentiation or proliferation (O'Neill et al., 1994; Rebay and Rubin, 1995) . Upon RAS/MAPK stimulation, MAPK-mediated phosphorylation of YAN results in abrogation of YAN repressor activity, allowing PNT to activate transcription of formerly repressed genes (O'Neill et al., 1994) .
Multiple regulatory mechanisms are employed to finetune not only the competition between YAN and PNT for access to the promoter regions of target genes but also their transcriptional activities. One key component involved in these processes is MAE, a gene product structurally related to YAN and PNT by virtue of a shared protein-protein interaction motif called the pointed domain (PD) (Baker et al., 2001; Tootle et al., 2003) . MAE has been shown to interact with both YAN and PNT via heterotypic PD-PD associations (Baker et al., 2001; Tootle et al., 2003; Yamada et al., 2003) . While the mechanistic consequences of YAN-MAE and PNT-MAE complexes are not fully understood, MAE appears to contribute critical regulation that modulates the balance between YAN-mediated repression and PNT-mediated activation of downstream target genes.
We and others have recently shown that MAE plays multiple independent roles in modulating YAN activity. Specifically, MAE facilitates both MAPK phosphorylation (Baker et al., 2001 ) and nuclear export (Tootle et al., 2003) of YAN in response to RTK pathway activation, and antagonizes YAN's repressor activity in the absence of pathway activation (Tootle et al., 2003) . Although MAE has been proposed to positively influence PNT activity (Baker et al., 2001) , transcriptional activity studies in cultured cells have led to a competing hypothesis whereby MAE participates in a negative feedback loop that down-regulates PNT (Tootle et al., 2003; Yamada et al., 2003) . Based on this capacity to inhibit the transcriptional properties of both YAN and PNT, MAE could potentially play dual positive and negative roles in modulating transcriptional responses downstream of the RTK signaling pathway.
Here we report that superimposed on the complex web of protein level interactions whereby MAE modulates YAN and PNT function, is a transcriptional regulatory network in which YAN and PNT directly regulate mae transcription. These results reveal an important new mechanism for precisely modulating MAE levels in order to ensure appropriate transcriptional responses to RTK/RAS/MAPK pathway activation during development and highlights the extraordinary complexity of the meshwork of interactions and feedback loops that fine tunes and coordinates the activities of YAN, PNT and MAE in vivo. To explore these regulatory circuitries further, we have investigated the mechanisms whereby MAE antagonizes the transcriptional output of YAN and PNT by examining the consequences of overexpressing MAE in both cultured cells and in vivo. We find that while increased MAE expression abrogates YANmediated repression, it does not do so by facilitating nuclear export and down-regulation of YAN, suggesting instead a direct interference with transcription. In the eye imaginal disc, we find that elevated MAE expression antagonizes PNT function, arguing that one function of MAE in vivo could be to limit the transcriptional output of PNT, a model consistent with our previous work in cultured cells. Together our results suggest that multiple layers of regulatory feedback loops involving the nuclear effectors MAE, YAN and PNT ensure finely-tuned and contextappropriate RTK signaling levels.
Results

YAN and PNT regulate mae expression
Because mae expression in wild-type embryos is reminiscent of the expression patterns of genes such as argos (aos) and orthodenticle (otd) that have been shown to be regulated by Epidermal Growth Factor Receptor (EGFR) signaling (Gabay et al., 1996) , we decided to investigate whether mae expression might be similarly regulated by the downstream EGFR pathway effectors, YAN and PNT. Analysis of the genomic region around mae reveals two clusters of ETS DNA binding consensus sites (EBS; defined as GGAA/T; Nye et al., 1992) , one upstream of the transcription start site (MaeEBS1) and the other in the intron of mae (MaeEBS2) (Fig. 1A) , further suggesting that YAN and PNT might regulate mae expression. To explore this possibility, in situ hybridization experiments were performed to determine whether mae expression was affected by altering the dosage of YAN and PNT. As predicted based on the presence of EBS clusters in the mae genomic region, mae expression is significantly increased in yan mutant embryos (Fig. 2B , compared to A), while it is lost in pnt mutant embryos (Fig. 2C) . Conversely, ubiquitous overexpression of YAN ACT or PNT results in down- (Fig. 2E ) and up-regulation (Fig. 2F ) of mae expression, respectively (compare to Fig. 2D ). In addition to regulating mae expression in the embryo, YAN and PNT also regulate mae expression in eye imaginal discs (Fig. 3A,B) . Over-expression of PNTP1 resulted in almost three-fold increase in mae levels, while over-expression of YAN ACT resulted in a decrease. Taken together, these results suggest that mae expression is regulated by the Ets transcription factors PNT and YAN in multiple developmental contexts.
To determine whether PNT and YAN regulate mae levels directly, the EBS clusters were cloned upstream of a minimal promoter and luciferase cDNA to generate two different MaeEBS-luciferase reporters, MaeEBS1-luciferase (upstream cluster, Fig. 1A ) and MaeEBS2-luciferase (intronic cluster, Fig. 1A ). This enabled us to assess the effects of PNT and YAN on these putative regulatory elements by performing transcription assays in Drosophila S2 cells. If PNT and YAN directly regulate mae transcription, then the prediction would be that PNT and YAN would bind to the EBSs and activate and repress transcription of the reporter, respectively.
Both the upstream and the intronic EBS clusters behaved similarly in these luciferase reporter assays. Addition of the constitutively activated form of PNT, PNTP1, resulted in activation of the reporter, while co-transfection of YAN with PNTP1 resulted in two to three fold repression in transcription (Fig. 1B) . Similarly, co-transfection of PNTP2 and RAS V12 resulted in transcriptional activation of the reporter (Fig. 1B) . The transcriptional modulation of the MaeEBS-luciferase reporters by PNT and YAN supports our hypothesis that mae expression is directly regulated by PNT and YAN in vivo.
MAE-mediated antagonism of YAN repression activity does not involve nuclear export of YAN
Based on our previous finding that overexpression of MAE inhibits YAN's ability to repress transcription (Tootle et al., 2003) , we decided to investigate further the underlying mechanisms. One possibility was that MAE overexpression might disrupt YAN's nuclear localization. In Drosophila S2 cultured cells YAN localizes to the nucleus (Fig. 4A) , and upon activation of the RAS/MAPK cascade is exported to the cytoplasm ( Fig. 4B ) (Rebay and Rubin, 1995) . Previous analyses revealed that MAE is necessary for nuclear export of YAN, as YAN remains restricted to the nucleus in the absence of mae both in cultured cells and in vivo (Tootle et al., 2003) . Therefore, we asked whether the abrogation of YAN-mediated repression that results from MAE overexpression (Tootle et al., 2003) could be the result of premature nuclear export of YAN. However, no effect on nuclear YAN localization was observed (Fig. 4C ). In order to rule out the possibility that the MYC epitope tag on MAE was interfering with normal MAE function to produce a misleading result, we confirmed the finding using a non-tagged MAE construct (Fig. 4D ). Thus the mechanism whereby MAE antagonizes YAN-mediated repression appears to involve a more direct interference with transcriptional activity, rather than simply inducing inappropriate nuclear export.
Genetic interactions between mae and yan suggest MAE is both a positive and a negative regulator of RTK signaling in the eye
The Drosophila eye provides a powerful and sensitive system in which to unravel the molecular circuitries underlying RTK-mediated signaling events. For example, the rough eye phenotype that results from expression of a constitutively active allele of yan (referred to as sev-YAN ACT (Rebay and Rubin, 1995) ; Fig. 5A ) has been used successfully as a dose-sensitive background to demonstrate genetic interactions with novel components ; (F) Ub-GAL4; UAS-PNTP2 embryos. mae expression is up-regulated in yan mutant (B) and in embryos over-expressing PNTP2 (F) while its expression is down-regulated in pnt mutant (C) and in embryos over-expressing YAN ACT (E) when compared to wild-type embryos.
of the EGFR/RAS/MAPK pathway (Rebay et al., 2000) . Using this sensitized system, we recently demonstrated that heterozygosity for mae mildly enhances the severity of the YAN ACT rough eye phenotype, consistent with its role in down-regulating YAN activity and positioning it as a positive regulator of RTK-mediated signaling events ( Fig. 5B ; Tootle et al., 2003) .
If, as predicted by Baker et al., 2001 , MAE functions exclusively as a positive pathway component, then excess MAE should suppress the sev-YAN ACT phenotype. However if MAE serves dual positive and negative functions, as suggested by its ability to inhibit transcriptional output of both YAN and PNT, then depending on which role prevails in this context, either suppression or enhancement might be observed. Intriguingly, we found that sev-GAL4 driven MAE strongly enhanced the severity of the sev-YAN ACT rough eye phenotype (Fig. 5C, compared to A) . Confirming that the enhancement was not due to an additive effect, overexpression of MAE alone using sev-GAL4 exhibited a wild-type eye (Fig. 5D ). This result argues that MAE is a dual regulator of RTK signaling, and that in this context, its function as a pathway antagonist appears to prevail.
MAE antagonizes POINTED function in the developing eye
If MAE has a role as an RTK pathway antagonist during eye development, given its close functional association with YAN and PNT (Tootle et al., 2003) , three possible mechanisms of action can be considered: MAE could directly antagonize PNT function, a model consistent with cell culture transcription assays and with the enhancement of sev-YAN ACT (Tootle et al., 2003; Yamada et al., 2003; Rebay et al., 2000) ; MAE could potentiate YAN activity, a mechanism that would not be predicted by our previous work (Tootle et al., 2003) ; or MAE could simultaneously impair activity of both PNT and YAN in such a way that the overall effect is to reduce pathway output. Because loss of mae results in a failure to down-regulate YAN (Tootle et al., 2003) , the presence of a stable repressor completely damps down signaling output and makes it impossible to assess whether PNT activity is directly compromised in this context. Therefore to address the possibility that MAE might antagonize PNT activity in vivo, we examined in further detail the consequences of overexpressing MAE in the developing eye. Although MAE expression driven by a weak sev-Gal4 driver has no phenotypic consequences (Fig. 5D ), using the stronger GMR-Gal4 driver we found that overexpression of MAE results in gross disorganization of the external morphology of the adult eye (Fig. 6B , compared to GMR-Gal4 alone in A).
To determine the developmental cause(s) of the phenotype, eye imaginal discs from GMR-GAL4; UAS-MAE larvae were examined. We first looked at expression of the neuronal marker ELAV, which is expressed in the developing photoreceptors (Fig. 6D) , and found a substantial reduction in the number recruited (Fig. 6E) , a phenotype consistent with a reduction in RTK/RAS pathway function. ELAV expression in the first three recruited photoreceptors, R8, R2 and R5 appeared least affected while the later specified photoreceptors, R3, R4, R1, R6 and R7, were most frequently lost. Although loss of these photoreceptors would be predicted to result in a rough eye, the severity of the adult phenotype (Fig. 6B) suggests that many more cell types are affected. Therefore, we also examined whether cone cell recruitment was compromised and found that overexpression of MAE significantly reduces the number of cone cells (Fig. 6H, compared to 6G ). As the cone cells are essential for recruiting all subsequent cell types, the severity of the adult rough eye likely reflects the loss of the non-neuronal support cells.
Another factor that could contribute to the decreased number of photoreceptors brought about by MAE overexpression is cell death, another characteristic of reduced RTK signaling output. In wild-type eye imaginal discs there is a small amount of cell death immediately anterior to the furrow (Fig. 6J) . Overexpression of MAE results in increased cell death posterior to the furrow (Fig. 6K) . Therefore, both the loss of differentiated cell types and ectopic cell death during eye development contribute to the severe rough eye seen in the adult.
We also asked whether elevated MAE levels altered YAN expression in the eye disc. YAN is normally expressed strongly in the morphogenetic furrow and at slightly lower levels in the basally localized nuclei of undifferentiated cells posterior to the furrow (Fig. 6M) . Interestingly, we found that YAN expression at the furrow was slightly elevated, while basal YAN expression posterior to the furrow was distinctly reduced (Fig. 6N) . To determine whether MAE exerts independent effects on YAN and PNT in this context, we asked whether we could rescue some or all of the MAE overexpression phenotypes by coexpressing PNTP2. We were unable to perform the converse test, because overexpression of YAN results in lethality, even with eye specific drivers (T.T. and I.R., unpublished). Our results suggest that the phenotypic consequences of overexpressing MAE occur primarily due to loss of pnt-p2 function.
Specifically, we generated recombinant UAS-PNTP2, UAS-MAE flies and expressed the transgenes using GMR-GAL4. The control experiment indicated that overexpression of PNTP2 alone using the GMR-GAL4 driver results in normal photoreceptor recruitment, extra cone cells, wildtype levels of cell death, and increased basal YAN expression compared to wild-type (data not shown). Overexpression of PNTP2 completely rescues the severe rough eye of GMR-GAL4; UAS-MAE (Fig. 6C) and at the cellular level restores normal recruitment of photoreceptors and cone cells (Fig. 6F,I ), reduces cell death to wild-type levels (Fig. 6L) , and returns YAN expression to normal levels (Fig. 6O) . Therefore, the phenotypes associated with overexpression of MAE in the eye appears to be due to loss of PNTP2 function, strongly suggesting that MAE can antagonize RTK pathway output by attenuating PNTP2 activity.
Discussion
A precise balance between the opposing activities of the repressor YAN and the activator POINTED is essential for achieving appropriate transcriptional response both in the presence and in the absence of RTK signaling (Rebay and Rubin, 1995) . MAE, a small PD containing protein that has been shown to bind directly to both transcription factors, plays a pivotal role in modulating their activities (Baker et al., 2001; Tootle et al., 2003) . For example, our previous work showed that MAE contributes positively to RTK signaling output by facilitating nuclear export and down-regulation of YAN in response to pathway activation (Tootle et al., 2003) . In this study, we demonstrate that MAE also antagonizes PNT function, putting it in the unique position of being a dual positive and negative regulator of EGFR-mediated signals. Intriguingly, we find that mae expression is itself regulated by PNT and YAN, suggesting a whole new layer of feedback loops that fine-tune and down-regulate signaling.
MAE negatively regulates both YAN and PNTP2
We have shown that while overexpression of MAE blocks YAN's repression capability (Tootle et al., 2003) , this occurs without altering YAN nuclear localization. Thus increased MAE expression appears to interfere directly with YAN-mediated transcriptional repression. An intriguing model to explain this finding originates from the observation that homotypic interactions mediated by the Pointed Domain (PD) of TEL, the mammalian ortholog of YAN, result in the formation of TEL polymer that may facilitate transcriptional repression by wrapping around the target DNA (Kim et al., 2001) . YAN is similarly capable of selfassociation and the residues that are required for TEL polymerization have been conserved, suggesting YAN-YAN polymerization might similarly be critical for repression (Jousset et al., 1997; Qiao et al., 2004) . In this context, perhaps clusters of EBSs, similar to those we have described in mae, by recruiting multiple YAN molecules to a common target site may provide a scaffold for nucleating and promoting YAN polymerization.
Such a model requires a mechanism to limit the extent of polymer formation, such that the cell can achieve efficient but reversible repression of target genes. Considering its multifaceted role in down-regulating YAN activity and its ability to bind the PD of YAN, MAE is a prime candidate to fill such a role. Consistent with this prediction, recent studies have found that PD-mediated polymerization of YAN is required for transcriptional repression and that MAE effectively 'caps' YAN oligomerization by occluding the residues required for polymerization (Qiao et al., 2004) . Thus it is tempting to speculate that MAE's ability to abrogate YAN-mediated repression may reflect a role in 'depolymerizing' YAN at the DNA, an intriguing model that remains to be validated in vivo.
In addition to antagonizing YAN activity, our work suggests that MAE also negatively regulates PNTP2 function, thus positioning it uniquely within the RTK pathway as both a positive and negative regulator. For example, the phenotypes associated with misexpression of MAE in the Drosophila visual system are completely suppressed by co-expression of PNTP2, arguing strongly that MAE can antagonize EGFR signaling in the eye by interfering with the activity of PNTP2. While the photoreceptor loss and increased apoptosis phenotypes associated with MAE overexpression resemble the consequences of blocking YAN nuclear export and down-regulation (Rebay and Rubin, 1995) , the reduced YAN expression observed in MAE-expressing eye disc argues against such an explanation. Furthermore, if MAE were inducing premature down-regulation of YAN in these cells, one would expect to observe ectopic photoreceptors, rather than the neuronal loss that actually occurs. Thus, although we cannot rule out a direct effect on YAN, we favor the interpretation that the primary consequence of MAE overexpression is reduction in activity of PNTP2, and that the loss of YAN expression is a secondary outcome. It is important to note that both our cell culture and in vivo experiments employ overexpression strategies that are subject to the caveats inherent to such analyses. Thus we view these experiments as an opportunity to reveal new mechanistic hypothesis that will provide an important foundation for future studies designed to unravel the complex regulatory circuitries that exist between MAE, YAN and PNT in vivo.
YAN and PNTP2 regulate mae expression
Induction of both positive and negative feedback loops by signal transduction pathways plays an important role in regulating the response to pathway activation (Freeman, 2000; Rebay, 2002) . Activation of PNTP2 by EGFR/RAS/ MAPK results in the transcription of target genes including Argos and Kekkon1, which have been shown to negatively regulate the pathway (Ghiglione et al., 1999; Golembo et al., 1996) . We have identified another target of the Ets transcription factors PNT and YAN, mae, which performs the dual role of promoting and inhibiting signaling by the EGFR/RAS/MAPK pathway. Based on the effects on mae expression pattern observed in pnt and yan mutants and in embryos and eye imaginal discs overexpressing PNT and YAN, we propose that PNT activates while YAN represses mae transcription (Fig. 7) .
Based on MAE's ability to antagonize EGFR signaling output, activation of mae transcription by PNTP2 provides a negative feedback loop that would prevent runaway pathway activation (Fig. 7) . While Kekkon-1 and the secreted antagonist Argos act at the level of the receptor to downregulate signaling (Jin et al., 2000) , the induction of mae transcription would ensure the down-regulation of the pathway by inhibiting the function of the effector PNTP2. This would result in cell autonomous inhibition of the EGFR/RAS/MAPK pathway at the level of the transcription factor. Moreover, while the previously identified inhibitors Argos, Sprouty (Casci et al., 1999; Ghiglione et al., 1999; Golembo et al., 1996) and Kekkon1 function solely as antagonists of RTK signaling, as discussed above, MAE is unusual in that it acts both as a positive and negative regulator of the pathway by inhibiting both YAN and PNTP2 function.
Because MAE negatively regulates both YAN and PNTP2 function, imposing constraints on MAE protein levels becomes critical. This appears to be achieved by regulating mae expression levels directly by YAN and PNT. For example, and as discussed above, because excess MAE Fig. 7 . Model for regulation of PNT, YAN and mae. EGFR/RAS/MAPK signaling leads to MAE-mediated phosphorylation and down-regulation of YAN, resulting in activation of targets by PNTP2. As mae itself is a target of PNTP2 and YAN and negatively regulates their function, activation of PNTP2 would result in induction of mae and subsequent down-regulation of the pathway by inhibition of PNTP2 to limit the duration of the signal. Activation of mae transcription by PNTP1 would prevent complete repression of mae by YAN and ensure that appropriate levels of mae are maintained in the absence of RTK signaling (see text).
could potentially break up YAN-YAN polymer to such an extent that YAN would no longer able to repress appropriate target genes (Qiao et al., 2004) , the negative regulation of mae expression by YAN sets up a situation whereby excessive levels of MAE do not accumulate. Thus in the absence of RTK signaling, repression of mae by YAN would ensure that only low MAE levels are present in the nucleus, allowing YAN to repress transcription. Emphasizing the importance of finetuning the expression levels of these three nuclear RTK pathway regulators and further complicating the circuitry, it has been suggested that YAN and PNT may also directly regulate each others transcription, setting up additional positive and/or negative regulatory loops (Rohrbaugh et al., 2002) . For example, our finding that overexpression of PNTP2 leads to up-regulation of YAN in the eye disc is consistent with a feedback loop whereby the activity of PNTP2, a positive pathway effector, attenuates its own activity by increasing expression of the YAN repressor. A great deal of future work will be needed to unravel the precise in vivo contexts in which these complex transcriptional regulatory networks operate.
In conclusion, MAE joins the panoply of regulators of EGFR signaling that have been shown to play an important role in modulating and restricting the strength, range and duration of signaling events. By establishing negative feedback loops that act at multiple levels within a signal transduction cascade, a robust checkpoint is established to attenuate as well as prevent constitutive signaling by the RTK pathway.
Experimental procedures
Molecular biology
The upstream EBS cluster (MaeEBS1) was generated by PCR amplification using forward EBS1 5 0 TTGGGATCCTTTCCGCTTCCTGTGGCCCAGATTA 3 0 and reverse EBS1 5 0 TTAAGATCTTTGAGCCTAGA-CAATTGCATTTCCT 3 0 and ligated with BamHI/BglII digested pBluescript-SkC; the intronic cluster (MaeEBS2) by PCR amplification using forward EBS2 5 0 TTGCTCGAGGC-CAAATGACAGGAAACGC-GTCAT 3 0 and reverse EBS2 5 0 TTGGTCGACCTGCATTCACTTCCGCCCACGTTA-GAA 3 0 and ligated with XhoI/SalI digested pBluescript-SkC. These constructs were subcloned into KpnI/PstI digested pBSSKluciferase (Silver et al., 2003) to obtain MaeEBS1-luciferase and MaeEBS2-luciferase.
Eighty pairs of eye-antennal discs were dissected from wild-type, GMR-GAL4; UAS-PNTP1 and GMR-YAN ACT lines. Total RNA was extracted using Trizol Reagent (GIBCO-BRL) according to the manufacturers instructions. For cDNA synthesis using either random primers (Promega) or mae specific primers 5 0 CCCAAGTGGAAT-CGAGC-TATACC 3 0 and CTATGATAGCAGGGCCATTGCTCGG 2.0 mg of total RNA was used. PCR amplification was performed with mae primers 5 0 GAATGGTGGCCAA-GATTTGT 3 0 and 5 0 TGATGAGCCAT-TTCCAGA 3 0 and Rps 17 primers 5 0 CGAACCAAGACGGTGAAGAAG 3 0 and 5 0 CCTGCA-ACTTGATGGAGATACC 3 0 . NIH image was used to quantitate the levels of mae and Rps 17. mae expression was normalized to Rps 17 for each experiment. Each experiment was performed at least twice.
Transfections
Drosophila S2 cells were transfected with various combinations of plasmids (Pascal and Tjian, 1991) and transcription assays were done as described previously (Tootle et al., 2003) .
Immunohistochemistry and in situ hybridization
Fixation and staining of S2 cells and embryos were performed as previously described (Fehon et al., 1991 (Fehon et al., , 1990 Tootle et al., 2003) . Antibodies used were mouse anti-YAN MAb 8B12, mouse anti-myc (a gift from R. Fehon), rat anti-ELAV MAb 7E8A10 and mouse anti-CUT MAb 2B10. All secondary antibodies were from Jackson ImmunoResearch. Monoclonal supernatants were generated by growing hybridoma lines obtained from the Developmental Studies Hybridoma Bank in DMEM supplemented with 10% fetal bovine serum and 10% NCTC-109 (Gibco). Eye imaginal discs were dissected from third instar larvae in Schneiders S2 media and fixed in 4% paraformaldehyde in PBS for 10 min. Discs were washed in PBSC0.1% TritonX-100 (PT) for 15 min on ice and then incubated in antibody, in PBSC5% normal goat serumC0.1% TritonX-100 (PNT) overnight. Discs were washed three times in PNT and then incubated in secondary antibody for 2 h at 48. Discs were washed three times with PNT. If HRP secondary was used then discs were incubated in diaminobenzidine (0.5 mg/ml diaminobenzidine, 0.1% saponin, 0.003% H 2 O 2 in PBS) until pattern was visible and then washed three times in PT. Discs were mounted in 50% PT and 50% glycerol. Acridine orange staining was performed by incubating dissected discs in 1:500 1 mM acridine orange in ethanol at room temperature for 10 min, washing in media and mounting in PBS.
In situ hybridizations were performed as described previously (Tautz and Pfeifle, 1989 ) using a 500 bp mae probe generated by PCR amplification (5 0 CCCAAGTG-GAAT-CGAGCTATACC 3 0 ; 5 0 CTATGATAGCAGGGC-CATTGCTCGG 3 0 ).
Histology
Preparation of tissue for scanning electron microscopy was performed as previously described (Tootle et al., 2003) . Fixation and tangential sections of adult eyes was performed as previously described (Tomlinson et al., 1987) .
